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SUMMARY

]

Results of mechanical tests of the following laminated. plastlics are
reported: canvas laminate molded at low pressure, grade—C canvas lami—
nate, rayon laminate, paper laminate, and glass—fabric laminate. The
followlng tests were performed on these materiels: static tension, com—
pression, and torsion tests; long—time creep tests at different stresses
on specimens loaded in temsion; fatigue tests of unnotched specimens in
bending; fatigue tests of notched specimens in bending; fatigue tests in
bending at temperatures of —75°, T7°, and 160° F; and fatigue tests in
torsion.

Of the flve leminates studied, the glass—fabric laminate had the
most desirable mechanical properties for nearly all the properties meas—
ured. The properties of the paper laminate were nezxt in order of desira—
"pility. It was observed that the creep rate of the glass—fabric laminate
increased only slightly (compared with the other laminates) with increase
in stress and that temperature made much less difference in the fatigue
gtrength of the glass—fabric laminate than of the other laminates. The
mechanical propertles of the canvas laminate molded at a pressure of
180 psi were about 30 percent lower than those for the canvas laminate
molded at 1800 pei for most of the properties tested. The most pronounced
effect of the lower molding pressure was a decrease of 61 percent for the
fatigue strength in torsion.

INTRODUCTION

The program of tests reported hereln is a part of a coordinated
research program initiated to investigate the -mechanical properties of
e group of plastic laminates which were of Interest in aircraft construc—
tlon. A knowledge of the mechanical properties of the laminates described
in this report was needed for selection of the proper material for given
applications and for design of parts to be made of such materlals, so
that they would be capable of withstanding the projected service conditions.

A number of reports and papers which describe the mechanical prop—
erties of different plastics have recently becoms available. A bibliog~—
rephy of some of these papers is given at the end of this report.
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This work was conducted at the Engineering Experimsnt Station of the
Universlty of Illinols under the sponsorghip and with the financial
asslistance of the National Advisory Committee for Aerongutics.

Credit is due to the laminators and material manufacturers who pre—
pared the laminates and supplied the Information regarding the composition
and menufacturing conditions of these laminates; namely, Synthane Corpo—
ration; Formica Insulation Company; Consolidated Water Power and Paper
Company; the Alr Materlel Command, Army Alr Forces, Wright Field.° Bakelite
Corporation; Ironslide Company; and Plagkon Company, Inc.

The authors are indebted to Professor F. B. Seely for suggestions
and criticlems during the conduct of these tests and the préparation of
this paper. Credit is also due A. J. Ruthemberg and C. D. Kacalieff for
thelr assistance in the performance of some of the tests and In prepa—
ration of this report and to G. H. Steward for preparation of specimens
end equipment.

TYPE OF TESTS

The following tests were performed on the five laminsted plastics
under conditions of constant temperature and constant relative humidity:
short—time "static" tests in temsion, compression, and torsion (with the
exception of the low—pressure-molded canvas laminate for which no ‘torsion
tests were performed) to determine the ultimate strength, yileld etrength,
and modulus of elasticity under the three conditions of loading; Rockwell
hardness tests; tenslion creep tests at several different values of sitress;
rotating—cantilever—beam fatigue tests of both notched and unnotched
specimens; and fatigue tests in torsion at constant amplitude of deflec—
tion under completely reversed stress cycles. In addition, rotating- -
cantilever—beam fatigue tests of unnotched specimens of all five materials
were performed at temperatures of approximately 160° F and —75° F. These
tests were performed in the same type of machine and at about the same
testing speed used in the rotating—beam fatigue tests conducted at T7° F.

MATERTAT, AND SPECTMENS

Material

.

The five laminated plastics tested In this program were: a cenvas
laminate molded under the relatively low pressure of 180 psi with a phenol—
formaldehyde resin; a grade—C canvas laminate of construction similar to
the other canvas laminate but molded at a high pressure -of 1800 psi with
a resin formed from formaldehyde and a mixture of mete~ and para—cresol;

a rayon laminate of the saponified acetate type molded at a pressure of
1100 psi with a phenolic resin; a Mitscherlich—paper laminate molded at a

low pressure of 250 psi with a phenolic resin; and a glass—fabric laminate

o
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molded at the low pressure of 40 psi with an unsaturated polyester resin.
The preparation and the composition of the laminates tested are described
in table I. The laminators and sources of resin and reinforcing material
are also Indicated in table I.

At this point 1t may be well to note that visual inspection of the
glags—Ffabric laminate as received indicated that there were certain defects
which may have affected the test results. There were two important
defects: (1) the glass fabric had been pulled and distorted during the
laminating process to such an extent that the thread directions were at
gome points as much as 30° out of line with the general direction of the
fabric and (2) the layers in the laminate were not well bonded in somse
portions of the sheet. In preparing specimens from this laminste, care
was teken to avold such defects as far as possible.

' Specimens

Dimensions of static tension, compression, and torslon specimens, as
well as the creep specimens used for these tests are shown in figure 1,
and the three types of fatigus test specimen used in this investigation
are shown in figure 2. All specimens were cut from the sheet with their
longltudinal axes parallel to one another. Four of the five laminates
were cross—laminated. For these four laminates the direction of the
longitudinal axes of specimens was chosen arbitrarily. The glass—fabric
laminate, however, was parallel—laminated and the longitudinal axes of
specimens from this laminate were made parallel to the direction of
greatest strength in the sheet, as determined by preliminary tension tests.

The tenslon specimens were machined on a shaper to the dimensions
shown. TIn the case of two of the materials, namely, the grade-C canvas
laminate and the paper laminate, a few of the tension specimens were
altered by filing the gage sections so as to produce a gradual taper’
from a 1 —inch width at each end of the gage sectlon to a 0.0l-Inch under—
glze at the middle. This reduction was necessary in order to cause
fracture to occur within the gage section of the specimen I1n these two
cases., Stralght gpecimens failed at the shoulder as a result of stress
concentration at the fillet.

The compression specimens were turmed on a lathe to the two lengths
shown in figure 1. The 2~inch speclmen was used to obtain stress—strain
relationships, and the 1l—Inch specimen was used to obtain ultimate strength
values only. The torsion specimens were also machined by turning on a
lathe.

The creep specimens were cut from the original sheet with & milling
cutter in such a manner that the flat side of the specimen was perpen—
dicular to the plane of the sheet. The reduced section and radiil at the
end were formed on a sheper. All the specimens shown in figure 1 were

finished by sanding ywith No. O emery cloth.

e e e e~ ———— - -~ e e e e — =
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The dimensions of the fatigue specimens used in this Investigation
are shown in figure 2. All fatigue specimens were cut. from the laminated
sheet 1n such g way that the long axls of the specimen was parallel to
the corresponding axis of the static specimens. The test sections were .
prepared by turning on a lathe, and the 2-Inch radius used on specimens
of the types shown in figures 2(a) and 2(c) was produced by swinging the
compound of the lathe by means of a tangent screw so that the lathe tool
traveled in a 2—inch arc. All fatigue specimens were flnished by sanding
with No. 000 emery paper. The final strokes in the sanding operation
were made by hand and were longitudinal with the specimen?s axis.

Some difficulty was experienced in machining all the laminates
because of the tendency to chip the laminate, especlelly in lathe work.
The tendency to chip and also the tendency to overheat was wminimized by
using tools of high—speed steel, the cutting edges of which were maln—
tained sharp by frequent honing. High-speed—steel tools were used on all
laminates, except the glags—fabric laminate. The abraslive nature of the
latter material, however, made it necessary to employ tool bits and
milling cutters having tips made of tungsten carbide.

Preconditioning of Specimens

. All specimens were allowed to remain in the air—conditioned labora—
tory for at least 2 weeks after machining before the tests were started.
All tests except the fatigue tests at high and low temperatures were
carried out In a laboratory which was maintained at a constant tempera—
ture of T7° + 1° F and a relative humidity of 50 * 2 percent continuously
throughout the duratlon of the tests. This procedure was necessary
because of the senslitivity of some of the laminates to small changes in
temperature and relative humidity.

APPARATUS AND TEST PROCEDURE

Static Tension Tests

Short—time tension tests were performed on specimens shown in
figure 1(a). These specimens were tested in tension on a 10,000-pound,
three—screw machine. This was a beam-welghing machine equlpped with a sepe—
rate variable—speed drive. The specimens were held in Templin wedge grips A
and the strain in the specimen was measured by means of an extensometer B
of 2—inch gage length.(See fig. 3.) This instrument provided a multi—
plication such that one division on the dial indicated 0.000) inch per
inch of strain in the specimen. In order to make 1t unnecessary for the
specimen to support the welght of the extensometer. and in order to prevent
damage to the instrument if the specimen should fracture while the exten~
someter was attached, the extensomster was suspended by means of the light
coil spring C shown In figure 3.

’
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Two sets of tension tests were run when necesgsary — one set in which
the stress—strain characteristics were determined and the other set in
which only the tenslle strength was obtained. In the former group the
gage section of the specimen was straight, and readings of load, defor—
mation, and time were read similtansously at frequent intervals through—
out the test. In the latter only the load at fracture was recorded. For
this latter purpose speclmens with the width reduced at the middle were
used.

A preliminary test was made for each laminate to determine the rate
of testing speed required to produce a rate of tensile strain of about
0.0016 inch per inch per minute. All succeeding tests were rum at or
neer this rate of strain. This rate was selected in order to permit
correlation between the results of these tests and tests performed on
other materials (references 1, 2, and 3). This rate of strain corresponds
roughly to the rate of strain produced by testing machines operated at
a head speed of 0.05 Inch per minute., However, 1t should be noted that
different machines and even different materlals tested in the same machine
at the same rate of cross-~head motion will not in general produce the
same rate of strdin In the specimen. This 1s due to different relative
stiffnesses of the machine, the specimen, and the auxiliary gripping
apparatus. During the test, readings of load, deformation, and tims were
recorded up to a point within a few percent of the load at which failure
wae expected. The extensomster was removed before faillure.

From thesge data the stress and strain were computed. Then diagrams
of stress against straln and time agelnst strain were plotted. The
modulus of elasticlity was determined in each case from the slope of the
Initial part of the stress—strain curve. The yield strengths at 0.05—
and O.2-percent offset were determined by employing lines parallel to
the Initial part of the stress—strain curve and offset 0.05 and 0.2 per—
cent. The rate of strain was debermined from a time—straln curve by
measuring the reciprocel of the slope of thls curve in the region Just
below the velue of strain above which the stress was no longer propor—
tional to strain. The terms “yield strengbth" and "rate of strain" are
defined in an appendix to this report.

Static Compression Tests

Compression specimens were tested in the same machine as the tension
specimens and under the same temperature and humidity conditions. In
order to minimize the effect of possible eccentric loading, the specimens
were tested by using a compression tool A (fig. 4). .A compressometer B
of 5—to—-l lever ratio having a 0.001—inch dial and a l—Inch gage length
wag used to determine the strain. As in the case of the tension tests,
the instrument was supported on a light coil spring.

Two different shapes of specimen were required, one to determine
stress—strain relations (fig. 1(b)) and another to determine the com—

pressive strengths (fig. 1(c)). The 2—inch specimen (%-= 16), where

:
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%— is the ratio of the length of the specimen to the radlus of gyration of
the cross sectlon of the spscimen, was used with the compressometer having
a l—inch gage length to determine the stress—strain relations. The l-inch
gpecimen (—IL, = 8) was used in determining the compressive strength of the
material to eliminate as far as possible the tendency for gpecimens to
buckle. The raté of straln for the tests of l—inch-length specimens was
substantially the same as the rate of straln in the 2-=inch specimens,

This was accomplished by adJusting the speed of the testing machine so
that the rate of increase in load during a test was substantially the

same as the rate of Increase In load obgerved in the tests of the 2-—inch
specimens, for which the strain rates were known.

During the compression tests of the 2-inch speclmens, readings of
load, deformation, and time were recorded. From thege data the stress
and straln were computed, and stress—strain and time—strain curves were
plobted. The modulus of elasticity, yleld strengths at 0.05— and
0.2-percent offset, and the rate of strain were determined from these
curves in the same manner as that described for the tension tests.

Static Torsion Tests

The special torsion testing machine used for these tests 1s shown
in figure 5. The machine was constructed as en attachment for a low—
capacity tension testing machine. The pendulum welghing system of the
tengion testing machine was used as the torque measuring device for the
torsion machine, This was accompllished by attachling to the tension
machine a twisting head A (fig. 5) driven by a double worm—drive.

A special chuck B was atbached to the shaft of this twisting head and
another chuck C +to the axis of the penduvium D. These chucks were
designed to apply a torque to the specimen with little danger of bending
the specimen at the same time. This was accomplished by mounting the

- gpecimen on centers and applying the torque as a couple by means of
adJustable screws.

The gage used for measuring the shearing strain is shown in figure 6.
The instrument consisted of two rings A (fig. 6) which were slipped
over the specimen and Pfastened to it by three pointed screws in each ring.
A gege length of 2 Inches was obtalned by use of a removable spacer B.
To one of the rings was Tastened a circular scale C <Ffor measuring large
angles of twist. Two 10-inch arms D, fastened to the same ring, carried
scales on the ends which were used to measure small angles of twist,
Adjusteble pointers E were attached to the other ring in such a way as
to indicate the readings on thelr respective scales.

The torsion tests were performed on specimens (fig. 1(d)) under
condltions as nearly compargble with the tension and compression tests
as possible. In order to accomplish this, the rate of tensile strain-
was kept the same as nearly as possible in all three types of test. For
torsion tests the required shearing rate of strain was computed from the
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tenslle rate of strain by the relation %l = % g—i, vhere &L is the

ghearing rate of strain, %% is the tenglle rate of strain, gﬁd E is the

ratio of tensile modulus of elastlcity to shearing modulus., This equation
was derlved from the fact that the maximm tengile stress In a circular
torslon member is equal to the maximm shearing stress. The equation,
however, 1s not exact owing to the anlsotroplc character of the material,

The required rate of strain was determined from the value of G
obtained from a prelimindgry test. The resulting shearing rate of strain
requlred was different for each material and was rather high owing to the
low value of G. Thus it was possible to obtaln only relatively few test
points in the elastlc range at thls rate of testing.

During the torsion tests simultaneous readings of torque, angle of
twilst, and time were recorded, The equations of stress and stralin for
torsion used herein are appliceble only for lsotroplc materials and can—
not be expected to indicate accurately the stress or straln In laminated
materlals, since thelr properties are not the same in all directions.
Nevertheless, the equatlons developed for lsotroplc materlals were used
herein to give nominsal. values of shearing stress and strain as a basls
for comperlison. The nominal shearing stress T at the surface of the
cylindrical specimen and the nominal shearing strain 7 were computed

from the equations T = TJQ and 7 = %e—, where T 1s the applled torque,

¢ 1s the radius of the circular section, J i1s the polar moment of inertia,
9 31a the angle of twlst, and 1 1s the length of the test section of the
specimen.

Curves of shearing stress agalnst shearing strain and of time
againgt shearing straln were then plotted. The shearing modulus of elas—
ticity G and rate of shearing strain were determined as in the case of
the tenslon tests.

Hardness Tests

The equlpment used for the hardness tests was a standard Rockwell
hardness testing machlne equipped with a 5 —inch—diameter ball penetrator.
The testing procedure used wag that reconnnended in A,S.T.M. Method
D785-UUT of reference 4, page 1651.

Hardness tests were performed on both faces of each lamlnated sheet.
Tests were also performed edgewlse of the sheet, that 1s, wlth the
direction of loading parellel to the laminations, In the case of the
glass—~Pabric lamlnate, teste were performed edgewise of the sheet in two
directions, one in the dlrection of the greatest tenslile strength of the
laminate and the other at right engles to the directlon of the greatest
tensile strength,
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Tension Creep Tests

The equipment used for conducting the creep tests consisted of
2 steel racks from which 38 specimens could be suspended, calibrated
welghts and levers used for loading the specimens in tension, calibrated
extensometers, a traveling microscope for measuring the strain indicated
by the extensometer, and a clock equipped with a counter to rscord the
elapsed time In hours. Flgure 7 shows a creep rack wlth loading levers,
gpecimens, extensometers, and auxlliary equipment. Figure 8 shows a
specimen with strain-msasuring equipment in place. In thils figure speci—
men A was gubJected to an axlal temslle load through rod B, The speci—
men wes held by grips C which contained a hook—end—eye type of swivel
Joint., This Jolnt was provided 1n order to minimize the posslbllity of
eccentric loading,

The extensometer used for measuring the creep consisted of a lever—
type instrument with a traveling microscope D (fig. 8) for measuring
the displacement between reference marks on the end of the lever E and
a stationary arm F. The lever ratio was 10 to 1. One end of the lever
was forked and fasbened by plvots to the lower clamp attached to the
specimen, The axis of this plvot passed through the centrold of the cross
section of the specimen (the pin itself did not go through the specimen).

Thus the strain measured by thls instrument was the average strain in the "
specimen, The fulcrum of the lever was pilvoted to a rod, the other end

of which was fastened to the upper clamp on the specimen. A spring clip G

(fig. 8) was used to attach this rod to the upper clamp so that the

extensometer could be left on the specimen, during fracture 1f necessary,

without damasge to the instrument.

/

The dials on the traveling microscope and on each extensomster were
calibrated agalinst a micrometer screw before use, so that readings were
accurate to £0.000001 inch psr inch and were reproducible within
+0,000002 inch per inch. Flat clemps Instead of pointed screws were
used to attach the extensometer to the specimen because creep of the
meterial might cause screws to sink into the specimen, thus causing early
fracture, The distance between the centers of the flat clamps was con—
gldered to be the gage length of the extensometer. As used in these tests,
this gage length was 10 inches. A track was provided for the microscope
so that it could be moved from specimen to specimen quickiy.

Creep specimens for each laminate (fig. 1(e)) were tested simultan—
eously under & constant tension load at values of stress ranging from O
to 24,000 psi. The values of stress chosen were evenly spaced from zero
to a maximm value, which was chosen as follows. A preliminary creep test
was made on each material, starting at a load which would produde & stress
of ebout 60 percent of the tensile strength of the material. If the speci— g
men did not fracture in 24 hours the load was increased about 6 percent for
the next 24 hours. This process was repeated until the specimen falled.
The maximm stress to be used in the creep tests was then made equal to
80 percent of the highest stress which the specimen sustained for at least
ol hours without fracturing. The reason for the foregoing procedure was to
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select as high a maximm stress as possible wlthout having a specimsn
fracture within 1000 hours. However, the highest stressed specimen did
fall in less than 1000 hours for four of the five materials tested.

All creep tests were conducted 1n the room maintained at a constant
temperature of 77° + 1° F and a constant relative humidity of 50 * 2 per—
cent for the entire time of the test, which was 17,000 hours or about
19 months for one of the laminates. One specimen of each laminate was
tested at a stress of zero in order to determine the magnitude of the
shrinkege which might occur because of gradual changes in moisture content
or other aging phenomena. All tests for a glven laminate were started
at approximately the sams time, and all were sterted by applying loads
qulckly but very gently to the specimens. Before applyling the load, the
Initial extensometer readings were obtained with the traveling microscope.
Then the loads were applied, the time was recorded, and the extensometer
was immediately read agein. Readings of streln and time were thereafter
teken at the following intervels: 0.1, 0.2, 0.3, 0.5, 0.7, 1, 2, 3, 5,
T, 10, 20 hours; then every 24 hours to 500 hours; then every 48 hours to
gbout 1000 hours; then twlce per week to 1500 hours; and then once a
week For the remelnder of the test.

Fatigue Tests

Rotating—cantllever—beam fatigue tests. — The rotating—cantilever—
beam fatigue tests were performed on machines such as shown in figure 9.
These machines conslsted of & motor—driven spindle B, to which the speci-
men A was attached coaxially by means of a split collet. A shaft exten—
slon C was fastened to the outer end of the specimen by means of a gpllt
collet machined integrally with the shaft. The entire assembly (spindle,
specimen, and extension shaft) was rotated by a motor driving through a
V-belt.

The specimen was bent downward by a load applied to the end of the
extension shaft C. This load was produced by a beam—and-poise
mechanism D. The stress o at the minimm section of the specimen was

‘computed from the equation o = I'%, in which the bending moment M was

obtained from the load applied by the poise, with suiteble correction for
the moment produced by the extension shaft.

In order to determine the number of cycles to cause failure, a
counter E was attached to record the number of cycles, and an selectric
contact at F was used to stop the machine when a crack had started in
the specimen. (The microswitch shown was not used.) The electric con—
tact was adJusted to shut off the machlne when the fatigue crack had
become severe enough to-cause the deflection of the specimen to increase
0.1 inch at the point of loading, which was 5 Inches from the center of
the specimen.

Specimens were tested at various amplitudes of alternating stress,
and the number of cycles to failure was determined. These data were
plotted with the amplitude of the alternating stress as ordinate and
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the number of cycles for fatigue failure as abscissa, and semilogarithmic
plotting was used. . .

Rotating—cantilever—beam fatigue tests at different temperatures. —
For fatlgue tests conducted at temperatures above and below the tempera—
ture available in the air—conditioned testing room, an insulated box was
constructed to house one of the rotating—cantilever—beam fatigue testing
machines. The equipment used is shown in figure 10. The loading lever
and poise A, an electric contact at B, motor C, and counter D, were
mounted outside the insulated cabinet. (The microswitch shown was not
used.) For the high—temperature tests the box was heated by electric
strip heaters, which were controlled by a thermostat adjustable from the
outside of the cabinet. The air temperature in the caebinet and the
temperatures -of the specimens were measured by means of a thermocouple
and potentiometer E. The temperatures of the specimens were obtained
by means of a thermocouple mounted on a lever which was moveable from the
outside of the cabinet and so positioned as to cause the thermocouple to
touch the central portion of the specimen when the lever was deflected.
Temperature readings were taken by stopping the machine, applying the
thermocouple to the surface of the specimen immediately, and recording
the indicated temperature. The temperatures thus obtained were scmewhat
below the actual operating temperatures of the specimens because the
specimen begen to cool as soon as the machine was stopped.

When tests were to be run at temperatures below the testing—room
temperature, a separate insulated cabinet F was used to house dry ice
for use as & cooling medium. Air was clrculated through the dry ice and
the test cabinet and back again to maintain the desired tempsrature.
Thermostatic control was provided to manipulate the damper which con—
trolled the flow of air through the dry ice. With this equipment it was
found possible to conduct continuous fatigue tests over perlods of
several days, since the equipment required servicing only every 8 to
12 hours. In order to prevent ice from fouling the loading rod, which
projected through the ceabinet, a kerosene seal was used to prevent escape
of cold air around the loading rod.

Torgion fatigue tests. — One of the machines arranged for torsion
fatigue tests at constant amplitude of deflection is shown in figure 11.
For torsion fatigue tests, an arm A was attached to ths machine so as to
support the fixed end of the torsion specimen B and the dynamometer C
with its dial D. Ths specimen B was fastened at an angle to the torque
arm E, which was attached to ths connecting rod F through a universal
Joint. The angle between the axis of the specimen and the torque arm
was so chosen that the static bending moment at the minimmm section of
the specimen was zero, and the only significant stresses at the minimum
section wers shsaring stresses due to torsion. There was, however, a
horizontal shearing stress, the magnitude of which was nsgligible
compared with the stresses resulting from torsion. No account was taken
of possible dynamic effects except to place the wrist pin of connecting
rod F near the center of percussion of torque arm E.
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The testing procedure for fatigue tests 1n bending described in the
A. S. T. M. Method D6T1-U42T (reference 4, p. 1638) was used for the tests
reported in this section, with the modifications noted. The specimens
used for the torsion fatigue tests were turned to the dimensions shown
in figure 2(c). The amplitude of the alternating shearing stress was

computed from the equation T = %% in which the torque T was obtained

from readings of the calibrated dynamometer C (fig. 11)., The mumber
of cycles to which the specimen was subjected was indicated by a counter I.

The stress values to which each specimen was subJected at ths
beginning of the test were calculated from the torque measured by means
of the dynamometer while the machine was at rest, and the number of cycles
for fatigue failure was determined in the mammer described in the appendix.
These date were then plotted as SN diasgrams, with the amplitude of the
alternating shearing stress as ordinate and the number of cycles for
faillure as abscissa. The range of stress, that is, the relationship \
between the maximum stress and the minlmm stress in a stress cycle, was
adJusted by means of a mechanism, one form of which, consisting of
screwvs H for-tilting the bracket to which the specimen and dynamometer
were ‘attached, is shown in figure 11.

TEST RESULTS

Static Tension Tests

Sample stress—strain curves and tilme--strain curves for tension tests
of tho five laminates are shown in figures 12 to 16. TFrom these curves
the following quantitles,which are defined in the appendix, were measured:
modulus of elasticity, yleld strength at 0.05~ and 0.2-percent offset,
and rate of strain. The ultimate strength (see appendix) was computed
in each case from the load at which fracture of the specimen occurred.

The values of these quantlties obtained from each of the specimens tested
for all the five laminates are shown in table II, together with the

© average values of each of the gquantities except the rate of strain. In
the case of the high—gtrength paper laminate and the grade—C canvas
laminate, additional tests were run on especially prepared specimens In
order.to obtain the ultimate strength values. The technique used 1s
described in the section entitled "Static Tension Tests" under APPARATUS
AND TEST PROCEDURE. The values obtained for these tests are alsd shown
in teble IT. The grade~C canvas laminate showed no significant difference
between the special test in which the failure was confined to the center
of the specimen and the first set of tests in which failure occurred at
the shoulder. However, in the case of the paper laminate the ultimate
gtrength obtained from specimens, the faillure of which was confined to

the center section, was about 15 percent higher than the wltimate strength
obtained from the specimens in which failure occurred at the shoulder of
the specimens.
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‘ ‘ Static Compression Tests

Representative stress—straln curves and time—strain curves for static
compression tests of the five laminated materlals are shown in figures 17
to 21 for specimens 2 inches long. From these curves the following quan—
tities were measured: the modulus of elasticlty in compression, yleld
strength at 0.05— and 0.2-percent offset, and the rate of strain. The
ultimate strength was calculated from the maximm load sustained by these
2-inch specimens. The values obtained for these quantities are shown
together with the ultimate strength obtained from tests of speclmens
1 inch long in table ITI for compression tests of all five laminates.

The ultimate strength observed from tests of the l—inch specimens
in every case dlffered less than 5 percent from the ultimate strength
obtained from the 2~inch specimens. In all cases except ome, the .
average ultimate strength obtained from the 1—inch specimens was higher
than the average ultimate strength obtained from the 2-inch speclmens.
However, in the case of the canvas laminate molded at low pressure, the
average ultimate strength obtained from the 1—inch specimens was about
1 percent less than the average ultimate strength obtained from the
2—inch specimen.

Static Torsion Tests

Representative stress—strain curves and time—strain curves for,
torsion tests of rayon laminate, paper laminate, and glass—fabric laminate
are shown in figures 22 to 24. From these curves the following quanti-—
ties were measured: shearing modulus of elasticity, yleld stremgth at
0.05— and 0.2-percent offset, and rate of strain. The modulus of rupture
in torsion was calculated from the maeximm torque which the specimens sus—
tained before fracture. The values of these quantitles obtained for the
three different laminates are shown in table IV. In the case of three
out of the five specimens of paper lemlnate for which test results are
reported in teble IV, the specimens fractured before O.2-percent offset
wasg reached.

'

Rockwell Hardness Tests \

The RoclIcWel_'L herdness velues obtained from tests of the five laminates
are shown in table V together wlth the average of each set of tests. The
hardness values ranged from M89 to M119 for tests perpendicular to the
laminations and from MB2 to M121 for tests parallel to the laminations.

Tension Creep Tests
The creep (in percent) obtained from the specimens under several

difPerent values of tension stress was plotted against the elapsed time
in hours for each of the five materials tested. These data are shown



NACA TN No. 1560 13

plotted for the first 1,000 hours in figures 25 to 29, and the data from
the same tests, but for longer tlme Intervals, are shown plotted in
figures 30 to 34. The time intervals covered by the latter. curves vary
from 3,000 to 17,000 hours, The scales used in all the plots for

1000 hours are the same, so that direct comparison between the materials
can be made by lnepection. In the case of the cresp curves showing data
for longer time Intervals, however, the scales chosen were those which
would best present the data.

It was observed that the rate of creep was rapld at the beginning
of the test and decreased as time progresged. The lowest curve plotted
in each case was teken from the data obtained with a specimen which
carrled no load, that 1s, zero stress. In all cases except the glass—
fabric laminate the specimen carrying no load was observed to shrink
slightly during the first part of the test. In the case of the glass—
fabric laminate a slight Increase In length was observed. These dimen— -
slonal changes may possibly be the result of a continuous change in the
moisgture content of the specimen. The effect of short interruptions of
hum1dity control is evident 1n all date shown., A decrease in relative
humidity was obgerved to cause & decrease in strain, the amount of which
wag approximately the same for all specimens of a glven leminate.

The "elastic" strain ag determined for the creep test specimens in
this report was deflined as the total streln measured in the specimen at
the time at which the load had been applied to the specimen for 20 seconds.
This straln was determined by plotting the readings obtained during the
first hour of tests on logarithmic paper and reading the strain corre—
sponding to a time of 20 seconds from the stralight line which resulted
from this plot. The values of 20—-second elastlic straln are shown in the
third column of table VI and In figure 35.

The totel creep (including the elastic strain) was measured for all
specimens at 1000 hours and also &t 3000 hours. These date were then
corrected for the change in length of the specimens having zero load by
subtracting the algebraic value of the change in length of this specimen.
The adJusted values are shown in table VI.

The rate of creep did not remain comstant throughout the time of
testing but decreased rapidly at first and then more gradually. In order
to evaluate the effect of stress on the different rates of creep,it was
therefore necessary to determine the rate of creep at some definite time.
The rate of creep was determined for a tilme of 1000 hours by measuring
the slope of the creep—time curve at 1000 hours for each of the specimsns
teated. The rate of creep was determined by measuring the slope of the
curve represented by the test data between a time of 70O hours and 1300
hours. The measurements were made on & plot having an expanded creep
scale to lncrease the accuracy of the slope measurements. The rate of
creep thus obtained for each specimen 1s shown in table VI and plotted
in Pigure 36.

The increase in strain at 1000 hours compared with the elastic
strain at 20 seconds was computed for all specimens. The velues obtained
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are shown in table VI together with the average velue of the percent
increase in gtrain at 1,000 hours for each of the five laminates. The
percent increase in strain from the elastic value of 20 seconds to the
value at 3,000 hours is also shown in table VI together with the average
of these values for each laminate.. The percent increase in strain from
1,000 hours to 3,000 hours is also shown in table VI, together with the
average of thess values for each of the laminates.

Fatigue Tests

S diagrams were prepared from the results of all fatigue tests,by
using semilogerithmic coordinates. The S—N diagrams for all fatigue
tests conducted in a room mainteined at a temperature of T7° ;.lo F and
at a relative humidity of 50 * 2 percent are shown for each of the five
laminates in figures 37 to 41. Tach of these figures shows three S-N
diagrams for one material, The dlagrams shown were obtained from rotating—
cantilever—beam fatigue tests of notched specimens and unnotched specimens
and from torsion fatigue tests of unnotched specimens. All the SN
diagrems were carried beyond 10,000,000 cycles; some of them extend beyond
100,000,000 cycles. The fatigue strengths measured from these S-N diagrams
at 10,000,000 cycles are shown in table VII. The speeds of testing used
are also shown in table VII.

The S-N diagrams for rotating—cantilever—beam fatigue tests at tem—
peratures of —75° F, TT° F, and 160° F are shown in figures k2 to 46 for
each of the Tive laminates. The tests at —75 F were carried as far as
10,000,000 cycles, whereas the tests at T7° and 160° F were carried to
nearly 100,000,000 cycles. It was observed that the temperature of the
specimens was always somewhat higher than the temperature of the sur—
rounding air, because of heat developed within the specimens as a
result of internal friction and because of heat developed in the
bearings of the fatigue machins. The temperature of a specimen which
ran for 10,000,000 cycles or more at temperatures of —75° F and 160° F
was measured. These temperatures are indicated adjacent to the speci—
mens on which the temperature was measured in each of the five figures.
The fatigue strength at 10,000,000 cycles for tests at a testing speed

of approximately 6600 rpm and at the three different temperatures is
shown In table VII. The effect of temperature on the fatigue strength
at 10,000,000 cycles is shown in figures 47 and 48 for the five laminates.

Mode of Fallure

Photographs of representative fractured specimens are shown in
figures 49 to 52. Figure 49 shows fractured temsion specimens of all
five laminates. Figure 50 shows fractured compression specimens 2 inches
long and 1 inch long of all five laminates, together with a fractured
torsion specimen of the paper laminate. All the torsion specimens tested
showed longitudinel cracks, but most of the specimens were not twisted to
complete rupture so that fractures would not be vigible in a photograph.
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A fractured creep specimen isg shown in figure 51 for each of the five
laminates tested. The specimen shown for the low—pressure-molded cenvas
leminate was the specimen used in the preliminary creep test of this
material, since none of the specimens fractured in the final series of
creep tests of this laminate.

Representative fractures of fatigue specimens are shown in figure 52.
Unnotched specimens fractured in rotating-beam fatigue tests are shown
for each of the five laminates. However, most of the rotating—beam
fatigue specimens dld not fracture completely before the tests were
stopped, None of the fatigue specimens of the rayon laminate completely
fractured, but all the notched specimens of paper laminate fractured.

None of the torslon fatigue specimens fractured completely before -the
tests were stopped. In the paper laminate, longlitudinal cracks were
obgerved Iin the torsion fatigue speclmens. However, in the torsion
fatlgue tests of the fabric laminates, fatlgue cracks were usually not
observed before fatigue failure (as defined in this report) took place.
Thls probably was the result of the fact that the fabric tended to obscure
such cracks as may have occurred. )

ANALYSTS AND DISCUSSION OF RESULTS

Static Tension Tests

A gummary of all the mechanical properties determined 1n thils inves—
tigation is presented in teble VIII for the five laminates. The tenslle
properties are given in items 3 to 6. .

Ttem 3 shows that the glass—faebric laminate had the highest modulus
of elasticity in temsion (3,280,000 psi) of the five laminates, the
highest yleld strength at O.2-percent offset (23,800 psi), and the. highest
ultimate strength (39,900 psi). The paper laminate had nearly as high
yield strength at 0.2-percent offset (22,500 psi) but had the highest
yield strength at O,05-percent offset (15,300 pei) of any of the laminates.
The yield strength at 0.05 percent was higher for the paper laminate than
for the glass—fabric laminate because there was a small change in slope
of the stress—etrain curve of the glass—fabric laminate at about 6000 psi
followed by a stralght line extending nmeerly to fracture. This change in
slope has not besn noted in any previous reports on tenslile tests of glass—
fabric laminates.

The low-pressure-molded cenvas laminate had the lowest values for
all the quantitles measured 1n the tension tests. Compared with the
grade~C canves laminate the low—pressure-—molded cenvas laminate was
29 percent lower in modulus of elasticity, 27 and 30 percent lower in
yield strength at 0.05 and 0.2 percent, respectlively, and 25 percent
lower in ultimate strength.
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The ultimate strengths of the laminates tested are in fair agree—
ment with the values obtained by Marin (reference 5) for the same materials.
The variations noted were from 2 to 19 percent. The large variation found
in the.case of the paper laminate may have been due to differences in the
shape of specimens used in determining the ultimate strength.

) The ultimate strengths obtained by Marin were T percent lower than
the results obtained herein for straight test sections. Suych specimens
(straight test sections).of paper laminate tested in the present tests
failed near the shoulder of the specimen at a stress 13 percent lower than
that of specimens having a test section reduced at the center. The modulil
of elasticity reported by Marin are from 9 to 23 percent lower than those
obtained herein. A comparison of the modull reported by Lemb, Albrecht,
and Axilrod (reference 6) for the same laminates tested in flexure with a
gpan—depth ratio of 8 to 1 indicates exact agreement with the average of
the tension and compression moduli reported in the present report for the
paper laminate, 6 percent lower than reported herein for the low-pressure—
molded canvas laminate, and 17 percent lower for the grade—C canvas
laminate. These differences may be due in part to differences in amount
of data obtained in different investigations at the foot of the stress—
strain curve; to differences in the manner in which the curves were drawn
through the test points; to differences in the testing machines, rate of
strain, and specimen temperature; and to differences between the sheets

of laminate tested. :

The values obtained hereiln for the strength and stiffness of the
asg—fabric laminate in tension appear consistent with other reports
%ieferences 7, 8, 9, and 10), although considerably large variation occurs
for different fabrics and resins, and no other data are avallable on
either the fabric or resin used in the present investigation.

The ultimate strength obtained from specimens having straight test
gsections and the yield strength at 0.2-percent offset reported in the
present paper are within 3 percent of the values reported for a comparable
paper laminate by Erickson and Mackin (reference 11). The modulus of
elagticity reported by Erickson and Mackin was 12 percent higher than
that found in the present investigation.

The ultimate strength in tension of the strongest paper laminate
tested by Field (reference 12) was about the same as the value obtained
in the present investigation from specimens having stralght test sectlons
and the ultimate strength reported in reference 10 for the strongest
paper laminate is about 11 percent less than that reported in the present
paper for specimens having straight test sections. The yleld strength
at 0.2—percent offset reported in reference 10 was about 17 percent less,
and the modulus of elasticity was about 8 percent less than that given in
the present report for the paper laminate.

The tensile properties reported herein for the paper laminate are
considerably better than the properties previously reported by the authors
(reference 2) from tests of one of the first paper laminates molded from

v
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Mitscherlich paper. The paper laminate of the present tests has 44 percent
higher modulus, 62 percent higher yield strength at O.2-percent offset, and
99 percent higher temsile strength. These comparlsons are based on an
average of the, properties parallel and perpendicular to the grain of the
paper, as reported 1n reference 2. }

The ultimate strength, yield strength at 0.2-percent offset, and
modulus of elasticlty reported in the present paper are In substantial
agreement with the average of the with— and cross—grain values reported
by Oberg, Schwartz, and Shinn (references 10 and 13) for grade—C canvas
laminate. No data are avallable on rayon or low-pressure—molded canvas
laminates for comparison with the present tests.

Static Compression Tests

The static compression properties of the flive laminates are gum—
marlzed in table VIII, items 7 to 10. Item 7 shows that the modulus of
elasticlty in compression is highest for the glass—fabric laminate
(3,230,000 psi) and lowest for the low—pressure—molded canvas laminate
(940,000 psi). A comparison of item 7 with item 3 shows that the modulus
of elasticity in compression is very mnearly the same as that in tension
for all leminates, although the. tenslon modulus of the low-pressure—
molded canvas laminate was about 15 percent lower and the tenslon modulus
of the rayon laminate was about 6 percent higher than the compression
modulus.

The ultimate strength in compression was highest for the glass—fabric
laminate (45,300 pei) and lowest for the low—pressure—molded canvas .
laminate (18,300 psi). It is significant that in compression the ultimate
strength of the grade-C canvas leminate was about 25 percent higher than
either the rayon or paper laminate, while in tension the grade-C canvas
laminate was from one~half to one—third as strong as the rayon or paper
laminates. It is also of interest to note that the glass—fabric laminate
had about 12 percent lower ultimate strength in tension than in compres—
sion and that the ultimate strength of both canvas laminates was less
than one—half as great in tension as in compression.

The yileld—strength values show a somewhat different relationship.
The yield strengths in tension are within 20 percent of the value for
compression for both of the canvas laminates and the rayon laminate. How—
ever, for the peper laminate the yield strengths in compression are about
one-half those in tension, and for the glass—fabric laminate the stress—
straein curve in compression was so straight that an offset as small as
0.05 percent was not reached before fracture.

For the canvas laminates and the paper laminate the campression
moduli obtained were about twice those reported by Marin (reference 5)
for the same laminates. For all but the low—pressure-molded canvas
laminate the ultimate strength is higher than that reported by Marin. The
only comparison it 1s possible to make with the flexure tests reported by
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Lemb, Albrecht, and Axilrod (reference 6) for the same laminates was
described under tension tests. The possible reasons for the differences
are the semes as those described for the tension tests.

The values obtained herein for the strength and stiffness of the
glags—Fabric laminate in compression appear consistent with the data
reported by C. D. Jones (reference 8). However, the compression strength
obtained herein is about twice that reported by Armstrong (reference 9)
and in reference 10.

The modulus of elasticity reported by Erickson and Mackin (reference 11)
for a comparable paper laminate 1s T percent lower than that obtalned
herein. The ultimate strength was 4 percent higher and the yield strength
at 0.2-percent offset was 0.1 percent lower.

The ultimate strength in compression of the strongest paper laminate
tested by Field (reference 12) is about 9 percent higher than the value
obtained herein, and the ultimate strength reported in reference 10 for
the strongest paper laminate is about 13 percent higher than that obtained
herein. The campression strength of paper laminates reported In refer—
ences 10 and 12 was higher than the value reported in the present paper and
also in reference 11, whereas the reverse was true of the tension strength.

The compression properties reported herein for the paper laminate
have higher values than the properties reported in reference 2 from tests
of one of the earlier Mitscherlich—paper laminates. The paper laminate
of the present tests has 36 percent higher modulus, 45 percent higher
yleld strength at 0.2-percent offset, and 25 percent higher compression
strength. These comparisons are based on an average of the properties
reported in reference 2, parallel and perpendicular to the grain of the
paper.

The modulus of elasticity reported for a grade—C canvas laminate
by Oberg, Schwartz, and Shinn (reference 13) and in reference 10 is
20 percent higher than the values obtained in the present paper; the
ultimate strength reported 1s 11 percent higher, but the yleld strength
at 0.2-percent offset was 20 percent lower than that obtained herein. Wo
other data are avilable on rayon or low—pressure—molded canvas laminates
for comparison with the present data. .

~

Static Torsion Tests

The static torsion properties of three of the laminates are sum—
marized in table VIII, items 11 to 1. TItem 11 shows that the shearing
modwlus of elasticity as determined fram a torsion test is highest for
the glass—fabric laminate (598,000 psi). On comparing the shearing modulus
with the tension modulus for the three leminates shown in item 11, it is
found that the shearing modulus is a larger percentage of either the ten—
glon or compression modulus for the glass—fabric laminate than for the
rayon or paper laminates. However, in all cases the shearing modulus was
lower thar would be expected of isotropic materials. If the laminates
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were 1sotropic the shearing modulus could not be less than one—third the
tension or compression modulus (reference 14).

The modulus of rupture in torslion was highest — of the three laminates
tosted —~ for the glass—Fabric laminate (7900 psi). The modulus of rupture
in torsion for the glass—Pfebric laminate was about one—sixth the com—
pression strength and sbout one-fifth the tensile strength. A similar
relationship exlsts for the rayon and paper laminates, although the
differences are lesgs marked.

The shearing yleld strength at both 0.05—~ and 0.2-percent offset was
the greatest for the paper laminate. The reason for the low yield strength
in the case of the glass—febric leminate may have been the poor bond
between laminations, which was described under MATERTALS AND SPECIMENS in
the sectlon entitled "Material."

The shearing modulil of elasticity reported by Marin (reference 5)
were 10 and 8 percent lower then the results obtained herein for the
rayon and glags—febric leminates, respectively, and the modulus of
rupture was lower for all three laminates — 11, 19, and 23 percent lower
for the rayon, paper, and glass—fabric laminates, respectlvely. The
possible explanations for these differences are the same as those glven .
for the tenslon tests.

The only previous data on torsion tegts of laminates are those of
one of the first Mitscherlich—paper laminates (reference 2). The testing
technique used in teste of that leminate was the same as that used 1n the
present tests but the results were quite different. The shearing modulus
. of elasticity for the paper laminate of the present tests is 2 percent
higher than that obtained for the older paper laminate, and the modulus
of rupture ls 105 percent higher,

The shape of the stress—strain curve for the present torsion tests
of the paper laminate iIs quite similar to that for the tension and compres—
sion tests. However, the stress—straln curve for the older paper laminate
(reference 2) was different. Instead of a smooth curve, an abrupt change
occurred — like a yleld point in mild steel. This was accompanied by a
esplitting crack along the laminations and was probably due to the poor
bond between lamlnations noted in the older material.

Rockwell Hardnese Tests

The results of the Rockwell hardness (resistance to indentation)
tegts are shown in table V. These data ghow that the glass—fabric laminate
is the hardest (M119 to M118) and the low~pressure-molded canvas laminate
ig the softest (M95 to MBT) for tests perpendicular to the lamlinetions.
Some difference was observed between the hardness of the two faces of the
canvas leminates. A difference of 6 points in Rockwell M numbers was
observed for the low-pressure-molded canves laminate and 3 polnts for the
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grade—C canvas laminate.  Such differences may have been due to differences

in temperature of the top and bottom platen of the press used to mold the
laminate.

It is also of Interest t¢ note that the hardness parallel to the
laminations is 6 to 8 points less than the hardness perpendicular to the
laminations In all the laminates having cellulosic fillers. Since the
glags—-fabric laminate was parallel—leminsted, hardness tests were made
both parallel and perpendicular to the direction of the greatest temnslle
strength. The hardness parallel to the greatest tensile strength was
T points higher than that in the perpendicular directlon. The average
of these hardness values was, however, about the same asg the hardness

perpendicular to the laminations.

Tension Creep Tests

The elastic strain at 20 seconds and the total strain at 1000 hours
are plotted in figure 35 for all five of the lamlnates. It is observed
that the data form smooth curves similer In appearance to the stress—
gtrain curves in tension except that the coordinates have been reversed.
In fact the moduli of elasticity obtalned by msasuring the reciprocals of
the slopes of the curves of elastic straln at 20 seconds in figure 35
agree Pairly well (considering the few test points available) with the
moduli obtained from the static tension tests at the same temperaturs.

The values of moduli of elasgticity of the laminates obtained from
the curves of elastic strain at 20 seconds are 3 percent lower for the
low—pressure—molded canvas, 15 percent lower for the grade-C canvas,

10 percent higher for the rayon, 0.4 percent higher for the paper, and

23 percent lower for the glass—febric laminates. The large difference in
modulus of elasticity of the glass—fabric laminate was ceused by the fact
that the stress—strain curve in static tension changes slope at about
5000 psl so that the initlal slope of the stress—strain curve was not
detected in the creep tests. Figure 35 shows that the increase in strain
due to creep after 1000 hours of creep 1s a larger percentege of the
elastlc strain at 20 seconds for the canvas laminates and rayon laminates
than for the paper and glass—fabric laminates.

The percent increase in strain from 20 seconds to 1000 hours 1s
ghown for each specimen in teble VI; the percent increase 1n strain from
20 seconds to 3000 hours is also shown in table VI. An examination of
these data discloses & there is no systematic varlation with stress.
In fact the percent increase in strain at 1000 hours and at 3000 hours
is substaentially independent of stress (except for scatter).

This observation is consistent with one of the equations proposed in
reference 15 to describe creep behavior. The equation used ls

€ =€+ mtR ’ (1)

3
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where ¢ 1s the total strain, ¢g and m are functions of stress (eo is

not necessarily the elastic strain), t is time, and n is a constant
independent of stress. The constants €y, m, and n are functions of the

material.

If ¢p =m (a condition which was shown to be a possibility in
reference 15), then

€ = €g (1 + t7) | (2)

The percent increase in strain ¢ from + =0 to t; 1s then

1
m
(@]
X
~
S
|

= 100 ;2 . (3)

which is & constant independent of stress and dependent on the material
and the chosen time 1.

It can also be shown that the percent increase in strain computed
from equation (2) (where €y = m) between eny two times +; and t, is

elso a constant, independent of stress. Whan €53 = O 1in equation (1) it

can also be shown that the percent increase in straln between any two times
t; and t, 1s a constant independent of stress. Further evidence that the

foregoing discussion may have merit 1s found in table VI, in which is
recorded the percent Increase in strain from 1000 to 3000 hours. Thess
data are also nearly independent of stress, although there 1is a large.
emount of scatter.

If further studles should show that the percent increase in strain
from the start of creep to a specified time under constant load is a
constant dependent only upon materlal and temperature, then this constant
(termed "creepocity” in the present paper) would serve as a convenient
measure of the serviceability of a material under coniitions of creep.
High values of creepocity would denote poor resistance to creep.

Of course the creepocity alone does not defins the complete creep
behavior of a material even at a given temperature, but 1t does define one
of the terms in equation (1), namely, the constant n. This constant may
be computed from equation (3) by teking logarithms of both sides of the
equation, with the following result:

n-lgefh -2 (1)
log t;

where ¢l is the creepocity in percent and +t; 1s the time for which
¢, was determined.
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The rate of creep at 1000 hours was determinsd as described under
TEST RESULTS in the section entitled "Tension Creep Tests™ and is tabulated
in table VI for each specimen. The effect of stress on the rate of creep
for all five laminates is shown in figure 36. The rate of creep for a
given stress, such as 4000 psi, is greatest for the low—pressure—-molded
canvas laminate and least for the glass—fabric laminate. It wasg observed
that the curves in figure 36 were all concave downward. This suggests
that all the curves might be made linear by adding a certain constant C
to the rate of creep before plotting the data or by using logarithmic
plotting of stress as well as rate of creep.

If the first technique caused the data to form straight lines, then
the relations between stress o and rate of creep v at a given number
of hours would be as follows:

v=0ek0 ~¢= C(Qkor -1) ‘ (5)

where C 18 a constant depending on materlial, temperature, and time and
k 18 a constant depending on material and temperature. This equation
corresponds to ths relationship obtained for another laminate in refer—

ence 2 and is nearly in agreemsnt wilth the activation emsrgy thsory for
creep in the form discussed in reference 15. .

If the second technique (logarithmic plotting) caused the data to form
straight lines, then the relatlon between stress o and rate of creep +v
at a given number of hours would be as follows: u

v = C3O'N (6)

where 0O, 1s a constant depending on materiael, temperature, and time and
N is a Constant depending on material and temperature. Equation (6), how—
ever, 1s not in agreement with the actlvatlon energy theory and is there—
fore of doubtful validity.

The measurement of the rate of creep from the slope of the creep—
time curves is subJect to considerable error, which accounts in part for
the scatter shown in figure 36. Thus a careful analysis of these data in
the manner discussed would probably be unprofitable. It is felt that the
date should be studied along the lines Indicated In reference 15.

The equation used in reference 15 to represent the creep behavior is:

€ = Op(ek0 — 1) (1 + t7) (7)

where o 1s the stress, t 1s time, € 1is total creep, and Cp, k, and

n are constants depending on material and temperature. Such an equation
might be useful to a designer since it would permit computation of & design
stress 03 based on an allowable total creep Gl at a time t3, by
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substituting in the following equation obitained by solving for ¢ in
equation (7) and substituting o7, €, and t; for o, €, and t:

€

- 1 1
o1 £ 1086 02(1 . 'bln) +1 (8)

Or if it were desired to base design stress o, on a ,glven allowable
creep rate vy at a time t15 this could also be done, although there

geems to be no reason to prefer to use creep rate rather than total creep.

The creep rate can be obtained from esquation (7) by taking the deriv—
ative with respect to time. The result as glven in reference 15 is

. v = Op(eX0 — 1)nt?L (9)

A design value of creep rate vy 1s then found by substituting vy, op,
and +; for v, g, and t as follows:

vy = Co(ef91 — 1)ng ™1 (10)

Some of the creep characteristice of the five laminates included in

ths present series of tests are summarized in table VIII, items 16 to 18
The total creep (including elastic deformatlion) at 1000 hours for a stress
" of 4000 psi (item 16) is the least for the glass—fabric laminate

0.15 percent) and the greatest for the low—pressure—molded canvas leminate
51.03 percent). The average of the percent increase in strain of specimens
at several values of stress and for 1000 hours of creep is the least for
the glass—fabric laminate (16.4) and the greatest for the grade—C laminate
(88.5). The rate of creep at 1000 hours for a stress of 4000 psi is
the lowest for the glass—fabric laminate (2.8 x 1070 in./in./hr) and the
greatest for the low—pressure-molded canvas laminate (69 X 10~8 im./in. /nr).

It is of interest to note that these thres quantities do not place
the laminates in the same order. The total creep and rate of creep give
the following order of increasing resistance to creep: low-pressure—
molded canvas, grade—C canvas, rayon, paper, and glass—fabric laminates.
The average percent Increase in strain after 1000 hours indicates ths
grade—C and rayon laminates to be about equal and the low—pressure-molded
canvasg laminate to be better than either grade~C or rayon laminates.

The creep rates reported by Marin (reference 5) for different sheets
of the sams laminate are from two to five times the creep rates reported
herein. This discrepancy may be dus in part to differences in the samples
tested, differences in strain measuring technique, or differences in msthod
of measuring the creep rate. Marin measured the slope of a straight line
passed through the test points between 100 to 300 hours and 1000 to 1400
hours, whereas in the present investigation the slope of the creep—time
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curveg was measured at 1000 hours by using the data between TOO hours and
1300 hours in measuring the slope.

It is also of interest to note that the total creep at 1400 hours
obtained by Marin wes lower for all laminates than the total creep at
1000 hours reported in the present paper for corresponding stress values.
The differences noted vary from almost zero to W4 percent. Most of the
camparable specimens tested by Marin had a total creep about 20 percent
less than the values reported in the present paper. Another difference
observed is that the creep specimens tested by Marin were able to with-—
stand much higher stresses without fracture than specimens tested herein.
This may be partly the result of the difference in shspe and size of
specimens used 1n the two series of tests.

The only previous creep tests of laminates which have come to the
attention of the authors are. those by Chasman (reference 16), Perkuhn
(reference 17), and in reference 10. The shape of the creep curves obtalned
in these investigations 1s similar to those reported herein. Since the
laminates tested in these investigations were quite different fram those
tested in the present investigation no comparisons are made.

Fatigue Tests

The fatigue strengths obtained from all series of fatigue tests of
the five laminates are summarized in table VIII in items 19 to 23. The
fatigue strengths at 10,000,000 cycles for specimens tested in rotating—
beam fatigue machines at T7° F are shown in item 20 for tests of unnotched
specimens and in item 22 for notched specimens. For unnotched specimens 1t
was found that the glass—fabric laminate had the highest fatigue strength
(11,600 psi) and the low—pressure—molded canvas laminate, the lowest
(2700 psi). The fatigue strength of the notched specimens was the highest
for the glass—fabric laminate (12,200 psi) and the lowest for the low—
pressure-molded canvas laminate (2500 psi). The fatigue strength of
unnotched specimens of the five laminates was in the same order as their
tensile strengths, whereas this was not true of the notched specimens.

An examination of the data given in table VII for the fatigue strengths
at 10,000,000 cycles indicates that the fatigue strength of the notched
specimens is nearly as large or larger than that of the unnotched specimens
for all laminates except the paper laminate. This is quite a.different
result from that predicted by Neuber (reference 18). His calculations
were, of course, based on elastic behavior of homogeneous, isotropic
materisls. The stress—concentration factor given by Neuber for a notch
of the shape used was about 2.8. The values of the effective stress—
concentration factors obtained by dividing the fatigue strength of the
unnotched specimens at 10,000,000 cycles by the fatigue strength of the
notched specimens at 10,000,000 cycles was about 1.0 for the grade-C and
rayon laminates, 1.1 for the low—pressure—molded canvas laminate, 1.2 for
the glass—fabric laminate, and 1.5 for the paper laminate. However, it does
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not seem reasonable to designate these ratios as the actual stress—
concentration factors when severel other factors may have affected the
fatigue strengths obtailned.

A comparison of the SN diagrams of the notched and unnotched speci-—
mens (figs. 37 to L4l) shows a quite different effect of the notch on the
fatigue strength from that glven by reference to the fatlgue strengths at
10,000,000 cycles only. The slope of the SN diagrams for the notched
specimens is greater than the slope of the corresponding part of the
SN diagrams of the unnotched speclmens for all materials tested and
for the entire range of stress value used. For all five laminates the
S diagrams for the notched and unnotched specimens cross, so that the
notched specimens are stronger In fatigue than the ummotched specimens
for tests which fall before the number of cycles at which the two
SN dlagrams cross end weaker in fatigue for tests which last a largsr
number of cycles than that at which the two S dlagrams cross. It is
interesting to note that the number of cycles at which the S—N diagrams
cross varles from about 50,000,000 cycles for the rayon laminate to
50,000 cycles for the paper laminste.

The crossing of the two S-N diagrams may have been due to some of
the following factora: In the notched specimens there was a large volume
of low—stress meterial immediately adjacent to the high—stress material in
the notched specimens so that the heat developed by hysteresis damping in
the material of the notch may have been more readily dissipated than heat
developed by an equal stress in the unnotched specimen. Thus, the temperature
developed in the notched specimens may have been nearer room temperature than
that developed in the unnotched specimens. The lower temperature would tend
to produce higher fatigue strengths, as observed. Also the higher stresses
would probably produce greater temperature differences which would tend to
cause the difference in slope of the curves, as noted. However, the
differences in specimen temperature whilch seem possible are not large
enough to account entirely for the effect observed.

Another factor, which may have contributed to the difference between
the notched and unnotched fatigue tests, 1s the difference in the state
of stress of the two speclmens. In the unnotched specimens the state of
stress was a unlaxiasl tensile stress (only one principal stress different
from zero) at the surface of the specimens; whereas, in the deep-notch
specimens, the state of stress in a reglon slightly below the surface of
the notch approached a state of triaxial tensile stress (three equal
principal stresses in jtension).

The fact that the laminstes consist of layers of fabric or paper
bonded by resin may also cause the stresses in the notched specimens to
be markedly different from the values expected for isotroplc materials.
When general cracking or more than one fatigue crack develop (as was true
of these laminates) the criterion of fatigue failure used for the rotating—
. benm fatigue tests might operate differently for the notched as compared
with the unnotched specimens. This may explein some of the difference
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in behavior of notched and unnotched specimens, especlally if the rate
of cran growth 1s affected both by the intensity of stress and the
presence of a notch.

The SN diasgrems for torsion fatlgue tests obtalned from fatigue

machines of constant amplitude of deflection ere shown in figures 37

to 41. These figures show that the curves for the torsion tests are sim-
ilar in shape to the curves for flexure obtalned from tests on rotating-
cantilever—beam fatigue machines. The fatigue strengths at 10,000,000
cycles are given in table VII. The order of torsional fatigue strength
for the laminates is as follows: glass—fabric (highest 3300 psi),
grade—C canvas, paper, rayon, and low—pressure—-molded canvas {lowest

900 psi). Except for the highest and the lowest values, this order 1s
different from that in flexure fatigus. ‘

SN diagrams for rotating—cantilever—beam fatigue tests at three
different temperatures (—75°, TT°, end 160° F) are shown in figures 42
to 46. For all but one of the laminates tested the three S-N diagrams at
different temperatures form a family of simllar curves. The shapes of
the curves for the glass—febric laminate (fig. h6), however, are dissimilar
for some unexplained reason. In all cases, the fatigue strength Increased
as the temperature decreased.

The fatigue strengths at 10,000,000 cycles are given in table VII.
In order to show the effect of temperature more clearly, the fatigue
strengths were plotted against temperature, as shown in figure 47. The
shape of these curves suggested that they might be hyperbolas so the data
were replotted wlth logarithmic coordinates. The results are shown in
Pigure 48. Although only three test points are available for each material,
the Pact that the stralght lines were obtained for all flive laminates lends
support to the possibllity that the relationship between fatigue strength
and temperature may be hyperbolic, that is,

og = DI 4 (11)

where og 18 the fatigue strength, T 1s the absolute temperature, and
p and q are positive congtants.

It 1s of interest to .note that the straight llnes representing the
relation between fatigue strength and temperature are nearly parallel
(that is, the constant q 1s nearly the sams) for all the laminates having
fillers of cellulosic materials. The slope of the curve for the glass—
fabric laminate is smaller numerically than the slope of the other laminates.
Thus, 1f the trend shown continues to still lower temperatures, the Fatligue
strength of the paper laminate and even the other cellulose—f1lled laminates
would be greater than the fatigue strength of the glass—fabric laminate at
a sufficiently low temperature. Also the fatigue strength of all the
meterials would increase indefinitely as the temperature approached absolute
zero, if the relation given in equation (11) should hold over the temperature
range of 0° to about 600° Rankine.
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The effect of aging on the Patigue strength of the grade~C canvas
laminats ls shown in figure 43 by the two S-N diagrams for tests at 77° F.
The specimens from which the lower of these two curves was obtalned were
machinsd and tested 1 year earlier than the specimensg for the upper curve.
The specimens for the curves at =75° F and 160° F were machined and
tested at about the same .time as the upper of the two curves at 77° F.
This shoss that the fatigue strength of this laminate at 10,000,000 cycles
increased with age about 16 percent during the second year.

The results obtained for the paper laminste of the present tests were
gimilar to those obtained for an older paper laminate (reference 19),
except that the Patigue strength was higher (36 percent highsr for flexure
of unnotched specimens, Th percent higher for Flexure of notchel specimens,
and 166 percen® higher for torsion fatigue tests). This difference is
due to the improvemsnt in the Mitscherlich—paper laminate. The 1lifferencs
in slopse of S-N diagrams of notched and wanotched specimens was noted in
reference 19 also, but the two curves iid not cross as in the present
serles of tests. The effect of temperature was also similar but the
slope of the curve formed by & logarithmic plot of fatigue strength agalnst
abgolnte temperature was slightly less numerically for the paper laminate
of the present tests; that ls, the present lamlnate was less sensitive to
changes in temperaturs.

Fatlgue tests In flexare at constant amplitude of deflection reported
by Erickson and Mackin (reference 11) for a Mitschsrlich—paper lamlnate
indicate a fatigue strength at 10,000,000 cycles nearly identical to that
obtained in the present papsr. However, the S-N diagram reported by
Erickeon and Mackin had a steeper slope than that In the prssent paper
so that the fatigue strenghth at 10,000,000 cycles was aboub 21 percent
higher than that shown by the present tests. This differencs is. no doubt
partly caussd by temperature effects arising from the difference In type
of machine used.

Rotating-beam fatigue tests (constant~beniing-momsnt type) reported
by Oberg, Schwertz, and Shinn (reference 13) indicate a fatigue strength
at 10,000,000 cycles for grale~C canvas laminate about 16 percent higher
than reported herein. (The comparison was made by averaging the fatigue
strength parallel and crosswise of the sheet as reported in reference 13.)
All-the laminates tested by Oberg, Schwartz, and Shinn also indicated a
crosging of the S-N diagrams for notched and unnotched spescimens.

Rotating-beam fatigue tests of a high-gtrength paper laminate (cross—
laminated) were reported by Field (reference 12) and in reference 10. The
fatigue strength at 10,000,000.cycles was about 18 percent lower for
unnotched specimens than the fatigue strength of the paper laminate of the
present tests. The behavior of the tests of notched specimens reported
by Field differed from that of the present tests in that the S-I diagram
for notched specimens did not cross the S~N diagram for unnotched specimens.
The fatigue strength at 10,000,000 cycles for notched specimens-was about
the same for the present tests and for those reported by Field.
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Fatigue tests in tension of glass—abric laminates reported by Foster
(reference T) show a similarity to those reported herein. No direct
comparison is posaible owing to the difference in range of stress between
the two tests and to the fact that the fabric and resins used were not the
same.

General Comparison of Propertles of the Five Laminates

A summary of all the mechanical properties determined in thisg series
of tests for the flve laminates tested 1s given in tabls VIII. An
ingpection of this table discloses that the glass—fabric laminate had
the most desirable mechanical properties in 18 of items 3 to 23; the low—
pressure-molded canvas laminate had the least desirable mechanical prop—
erties in 16 of the 17 items for which test data were available. The
glags—fabric laminate was next to the strongest in three ylell strengths:
tension at 0,05—percent offset, shearing at 0.05—percent offset, and
shearing dt 0.2-percent offget. Both the grade—C and rayon laminates
were less desireble than the low—pressure-molded canvas laminate with
regpect to percent increase in strain after 1000 hours of creep.

The paper laminate was the strongest in the yield strengths for
which the glass—febric laminate was next to ths strongsst and was nstt x
to the strongest in all but four of the remaining items. The rayon
laminate was next to the strongest in only one item — the fatigue strength
of notched specimens at 10,000,000 cyclss. The grade—~C canvas laminate
had next to the most desirable propertlies in three ltems: wltimate -
strength in compression, Rockwell hardness, and fatigue strength ln torslon

When the weight of a structure is a significant factor in its design,
the greater strength and stiffness values of the glass—fabric’ laminate
tend to be nullified by its greater specific gravity. In applications
in which the size of a given structiure 1s fixed and its weight is to be
held to & minimm, the strength and stlffness of the glass—fabric laminate
have only a slight advantage over the paper laminate, or none at all;
the advantage depends upon the type of loading the structure carries and
the service conditions to which it is to be subJected. An exact comparison
canmnot be made without a knowledge of the structure involved because the
significance of the specific gravity depends on the type of loading te
which the component parts of the structure are subjected (See
discussion at end of reference 3.)

Of the two canvas laminates, one molded at a molding pressure of 180 psi
and the other at 1800 psi, the grade—C (molding pressure of 1800 psi) had
the most desirable properties in all but one item, the average percent
increase in strain after 1000 hours of creep. In general the mechanical s
properties were about 30 percent lower for the low—pressure—molded canvas
laminate than for the grade—C canvas laminate. Xxceptions were ag follows:
17 percent lower in compression modulus; 4l and 41 percent lower in com— “
pression yield strength at 0.05— and 0.2-percent offset, respectively;
12 percent lower in Rockwell hardness; 43 percent higher (less desirable)
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in total creep at 1000 hours for a stress at 4000 psi; 30 percent lower
(more desirable) in percent increase in strain after 1000 hours of creep;
39 percent higher (less desirable) in rate of creep at 1000 hours and*

a stress of 4000 psi; and 61 percent lower in fatigue strength in torsion.
These differences between the two canvas laminates are attributed largely
to the difference in molding pressure, although some other differences

of less consequence did exist between the two laminates. (See table I.)

CONCLUSIONS

Results of tests to investigate the mechanical properties of five
laminated plastics — canvas lamlnate molded at low pressure, grade—C
canvas laminate, rayon laminate, paper laminate, and glass—fabric lami-—
nate — have led to the followlng conclusions:

1. The glass—fabric laminate had the most desirgble mechanical
properties of the five laminates in all but the following properties
measured: the yield strength at 0.05—percent offset in tension and
the yield strengths at 0.05— and O.2-percent offset in torsion. How—
ever, the greaster specific gravity of the glass—fabric laminate may
nullify its greater strength for certaln applicatione.

2. The paper laminate had the next most desirable mechanical prop—
erties in all but seven items and had the highest values for the yield
strengths at 0.05-percent offset in tension and at 0.05— and 0.2-percent
offset in torsion. The grade—C canvas laminate had next to the most
desirable properties in campression strength, hardness, and torsion
fatigue strength, while the rayon laminate had next to the highest
fatigue strength of notched specimens.

3. The mechanical properties of the canvas laminste molded at a
molding pressure of 180 psi were about 30 percent lower than those for
the canvas laminate molded at a molding pressure of 1800 psi for most
of the properties tested. The most pronounced effect of the lower
molding pressure was a decrease of 61 percent for the fatigue strength
in torsion.

4., Some of the creep test data present some evidence to support the
proposition that the percent increase in strain caused by creep for a
glven time interval is the same for any stress, In which case the percent
increase in strain or "creepocity" msy be a useful quantity for use in
comparing the creep resistance of materials. The evidence, however, is
not conclusive.

5. The data on fatligue strength of the five laminates indicate that

there is a possibility that the relationship between the fatigue strength
of laminates and the absolute temperature may be expressed by an equation
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expressed by an equation of the following form:
Og = pT-?

where oy 18 the fPatigue strength, T 1is the absoclute temperature, and
p and q are posltive constants. The date avallable for the range of
temperature from —75° to 160° ¥ agree with this expression.

Universlity of Illinols
Urbana, I1l., May 22, 1946
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APPENDIX

DEFINTITION OF TERMS

Modulus of elagticity. — In this report moduluas of elastliclty 1s
understood to refer to the tangent modulus at the Initiel portion of the
stresp—strain curve; that 1s, the modulus was obtalned by measuring the
slope of a line drawn tangent to the curve through the lower portion of
the curve. It is important to note that friction lag or backlash’ln the
gtraln measuring instrument may result in some irregulerity in position
of the first two or three readlngs, end because of thls lag the stress—
straln curve does not necessarily pass through the origin of coordinates.

Yield strength. — Yleld strength 1s deslgnated as the stress corre—
sponding to an arbitrarily selected percent deviation from the straight—
line portion of the curve (or "modulus line"). It is obtalned from a
plotted stress—straln curve by drawing a line parallel to the modulus
line and at a distance from this line squal to the speciflied offset
measured along the strain exis. The yleld strength 1s the stress corre-
sponding to the point of intersection of the stress—strain curve and
the auxlliary line.

Rate of gtraln. — The rate of strain as used In this report refers
to the time rate of straining of the specimen in the elastic (or straight—
line) portion of the stress—strain curve. The value of the rate of
strain was obtained from the slope of a strain—time dlegrem plotted from
data taken during the tests. The rate of strain as interpreted for these
diagrams was the slope of the curve at the portion Just below the value
of straln corresponding to the maximum strain for which stress was
directly proportional to strain.

Modulug of rupture. — The modulus of rupture is a fictitlous ustress
obtained, in the case of the torslon test, by su%stituting the maximum
value of twlsting moment 1nto the equation T = T?' The value of stress

obtained does not represent the actual maximum stress in the material
at fracture, because the equatlon used is correct only when stress is
directly proportional to the strein; this is usually not the case at
rupture. Modulus of rupture in flexure is a fictitlous stress obtained
by substltuting the meximam bending moment obtained In the flexure test
into the equation o = q?. This does nobt represent the actual maximum

stress at fracture because thls equation also 1is correct only when
stress 1s directly proportional to strain — a condition which 1s usually
not true at rupture of a flexural msmber.

Creep. - Creep 1s designated és the total extenslion in a tension
member which has occurred up to a given time as a result of a constant
load; it 1s expressed in percent. It should be noticed thaet creep
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includes both the elastic stretch and the stretch which occurs progres—
sively during the time of loading. '

Rate of creep. — The rate of creep represents a time rate of
extension of the tension member under a constant load. It 1s determined
by measuring the slope of the creep—time curve at a specified time.

Note that the rate of crsep multiplied by the time does not give the
total creep.

Creepocity. — In this report the term "creepocity" is used to
denote a constant, depending only on the temperature and material, which
is equal to the percent lncrsase In straln in a tension member during
a specifled period of time under constant load.

Fatigue strength. — In this paper a cycle of repeated stress 1s
resolved Into two camponents — a steady or mean stress upon which is
superimposed an alternating stress. The maximm amplitude of an alter—
nating stress cycle, expressed in pounds per square lnch, which will
not cause fracture of the material for a given number of cycles of
alternating stress is called the fatigue strength. The number of cycles
used in this report was 10,000,000. If the stress cycle does not pro—
duce complete reversal of stress, the mean stress of the cycle must be
stated when specifying the fatigue strength because in general the
fatigue strength changes with different values of mean stress.

Mean stress. — The mean stress i1s the algebraic mean between the
maximm and minimm stress produced in a materlial during an alternating
cycle of stress. When used in conjunction with the fatigue strength,
the term "mean stress" denotes the mean stress for which the stated
fatigue strength was determined.

Fatigue fallure. — In this report fetigue failure 1s arbitrarily
defined as having occurred when Pfatigue cracks of & glven severity had
developed ln a speclmen. For torsion fatlgue specimens of the size used
in this report the severity of cracks which was.defined as constlituting
fatigue fallure was that which produced a decrease in stiffness of the
specimens to three—fourths of the initlal stiffness. The change in the
stiffness was measured by observing the change in the maximm deflection
of the dynamometer while the amplitude of motlon remained the sams. In
order to determine the number of cycles at which fatigue fallure occurred
for the completely reversed fatigue tests used in this report, the
changes in the maximm values of the dynamometer readings were recorded
at Intervals throughout the 11lfe of the test untll the required changes
in the dynamometer readings were observed. The criterion of fatlgue
failure used for rotating-beam fatigue tests wes an lncrease 1n the
specimen deflectlon of 0.1 inch while under load.
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TAEIE I, — EREPARATION AND COMPOSTTION OF LANINATZS
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Qredo-0 Arty Cottan Cotten Bquare | ----n 10 R0 Wy 160 130 —————
mér;?a Dusk (plain) 50
n:im Colaness high- Cotten sh | o.ce2 12,5 2 hy 100 | —eeeeeee 10 percent?
*) VE-3973 teoaoity Fartism i1l ™
(saponified n.cagato)
1100 donter’
1450 £1lamentl0
2,5 torns per in,
(z)lo
Glaso-fabrio Owen-Ocrning Glass fiberll Bamo Plain 003 2.19 39 by 100 mm———
(6) Fiderglas ks0k o ko (eintrm) (mintram)
FCO-11-112, 8 2 warp
heat troated s o n.10
(2)10 1n first
trinting amd k.k
turns par in,
(8)2° 1n yaying
opereticn
Molding oanditions
Preparation ) Kolding
Porcent; resin
e ot ty volght in ~ Lyat | Beating Terpera— Timo of | Time of | atwhion | Mml
Thober | pay o | Sarfnee | tiems el [ovre | Gnifamity ??}')' (wet) | “aaa oyols | from yress | O0ubent
of pMes| oY 1 °r) (peroent)
Low—yressure— 2 5 51 Croes— Preas | ----=- | ccmmmma. 320 180 50 min ————- —— -—
canvas lawinated
(e)
Crede—0 27 58 8 Croes— Press | Bot Vithin 340 1800 S0min | 20 min 100 -—
mﬂa Iaminated vater 20° ¥
3
qum a3 37 to k0 37 to ko Croea— Preas | Btean | Hegligible 320 1100 20 xin 20 oin 10k 2.7
{3) lantrated variation-
Faper 28 30 30 ' Croas— Pross | Stean Within 310 & 10 250 30 min Coaled 35 3
(%) 1aninated °r in st411
afy at
T0° ¥
Glass—ebric %2 1] Celloghans | Parallel~ | Presa | Eot | Zot kmown| 28 50 2 Cooled 250 -—
(6) sheot uned | laminated water to et 180° F| in stal1
on moface 220, 2 I air
at 220° ¥
1y mimtss in aocstons; dry 2 mimutea at 160° O, W
El’an!.mtur Gynthane Corporatian.,

Iani.mtur Synthane Corpereticn; leminatar's designation, Grede O,
Maninater, Farmtca Insulaticn Company; lamizatar's dssigestion, FEV S1-B.
tar, %molia.atad Water Pover and Paper Campany; lemimator's d.oai@ntiun, CPS-HP23 Typs I.
tor, Afr Jateriel Cazwand, frmy Air Faroes, Wright Fleld.
Th8 ahsots 2h by 36 inchos.
ior to irgregmation.
9At relative mrddity of 63 percent end temperature of TAC F.
ar definition see ASTM Standards, part IIT-A, 1946, pp. %13 and 1117.
U7 berglas. E03-11-112 was heat—treated by beking k homs at 450° F,
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TABLE II. - TENSICN TESTS

Modulus of Yield strength
Material Specimen| i, ci4c4ty | 0-0D-percent| O.2-percent | Ultimate |Rate of strain
mmber (pst) 7 offset offset strength | (in. /in. fmin)
' (psi) (psi) (pst)
Low-pressure~ 2 0.7Tx 105 | 1,100 5,200 8,500 |  0.0016
molded canvas 3 .81 3,800 5,000 8,200 .0016
laminate 4 &2 3,600 5,000 8,300 .0016
5 & 3,700 5,000 8,300 .0015
Average .81 3,800 5,100 8,300
Grade-C canvas 12 1.13 5,300 7,400 10,700 .0016
leminate 13 1.15 5,100 - T,300 11,000 .0016
ik 1.13 5,300 7,300 11,00 .0016
Average | 1.1k 5,200 7,300 11,000
15 10,900
16 11,200
Average 811,100
Rayon leminate 3 1.77 7,600 10,800 26,000 .0016
y 1.78 7,80 10,700 25,500 .0016
6 1.8 7,700 10,900 25,400 .0015
Average | 1.78 7,700 10,800 25,600
Paper leminate 3 2.32 13,600 (v) 26,400 .0015
5 2.54 15,200 21,400 28,100 .0013
6 2.34 17,100 23,600 27,200 L0017
Averasge | 2.40 15,300 22,500 27,200
7 31,800
8 28,400
13 32,500
14 32,300
15 . 30,900
Average 831,200
Glass~-fabric 3 3.27 9,500 23,300 40,300 .0013
laminate L 3.37 9,400 21,600 39,600 .0015
5 3.13 11,300 25,100 39,200 .0016
6 3.33 11,200 25,300 40,500 .0013
Average | 3.28 10,400 23,800 39,900

1

8Cross section of specimens reduced at center.

byield strength at 0.2-percent offset was not obtained because of s].ifpage in the grips.



TABLE ITI. — COMPRESSION TESTS

Yleld atrength -

Material Specimon Modulus of | o,05—percent | 0.2-percent |Ultimate | Rate of etrain
number elasticlty offset offeet strength [ (in./in./min)
(ped) (pet) (ps1) (pet)
Low—pressure— | 2-lnch length ’
molded canves 3 0.96 x 106 3100 5000 18,300 0.0016
laminate 4 .92 3200 5200 18,900 .C0LT
5 .93 3200 51.00 18,300 .0016
Average .9k 3200 5100 18,500
J—inch length
1 17,900
2 17,800
3 18,800
i 18,500
) 18,600
Average 18,300
Grade-C 2-Inch length
canves 7 1.1k 5900 8300 24,900 L0016
leminate 10 . 1.19 5300 8300 23,300 .0015
11 1.16 5700 8500 23,800 0016
12 1.15 5800 8600 23,700 .0016
Average 1.16 5700 8600 23,900

09GT "ON NI VOVN
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TABLE IIT. — COMPRESSION TESTS — Contlnued

; ; , Yield strength
¢ ‘ Modunlus of . ‘ .
| Epecimen . 0.05%percant | 0.2-percent ! Tltimate : ‘
Meberdel | number | elestiotty || "orfet | offeet | stwemmth | (1n./om,juin)
; | (vt | (vet) (pst) | (pat) VT ‘
| arede—c camves | 1-4nah lengtn ; 5 ‘
| ) | 23
| 8 ' ‘ 2k800
9 | | ; 25,000 .
| Average ‘ | | 25,000
| Rayon laminate 1 2—insh length ! ‘
! | 1 1.72 x 106 7200 9,600 ; 20,000 0.0016
2 1.65 7300 9,600 d 19,700 .0016
3 | n.68 7100 5,400 ! 19,900 | 10016
. B | .68 7200 3 9,600 ! 19,900 ] ~OOL6 :
» ; {
| vereso | 1.68 { eo0 | o0 | 19500 | !
i . T
! 1—mnc§ Length ]E y i
‘ ‘ 1 20,
| o f | ! | 20;% .
| Jilln] ) ! ‘, 20,200
5 12 | ! ; 20,000
dverage i : | epueo |
Peper laminate | 2-inch Lemgth 40 3 .
' 600 . J—IJEOD 19;700 k -001,6
. 7 2,148 89500 11,300 19,800 <OOLT
i 3 2.15 8200 11,360 1 19,900 ] +0017
Average 2.4% 8100 ‘ 11,300 19,800

8¢
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TABLE ITT. — COMPRESBICN TESTS — Consluded

“Yleld strength

Material Speciman  Modulus of | O.05—percent, | O.2=percent. | Ultimate |Rate of strain
nunber elasticity offset offset strength | (1n./in, /min)
(pal) (pat) (psl) (psi)
| Paper laminate | l—inch length | 1
2 ! 20,400
3: 20',0007
i : ‘ 19,900.
. .Av::—;‘gg-q o i A R .j. TS -
Glassfebrde. | anoh lemgtm [ | L |
lawinate | b [ 3.2k x 106 (=),  (e) 46,200 0.0016,
5 3,18, -- el 12, 608 L0016
6 3.26 ——- -—- b1, 200. .00L6
Average 3‘.23\ ) o i 1:—3,300 o
l-inoh length
5 l|-5"900,
6, 45,000.
T 41,500,
Aversge | I 45,300: )

8gpecimens falled hefore O.05-percent offaet was, reached.

0967 "ON NI VOVIN
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TABLE IV. — TORBION TEETS

Yield strength
Material Speoclimen Shearing 0.05rpercent | O.2-percent | Modulus of| Rate of straln
number | modulus of offast offeet rupture (in, /in, /min)
elastiolty (pel) (psl) (pel)
i (pet)
Rayon laeminate 1 0.220 x 10° 2700 3400 4500 0,013
2 210 2800 3500 4500 .015
3 .202 2900 3500 4400 Nkt
L . 220 2500 3300 oo .013
5 211 2700 3400 koo .013
Averege .213 2700 3400 11,00
Paper laminate 9 .376 4900 6100 6100 011
10 .352 5100 {(a) 5300 011
11 .361 4500 5700 5900 011
12 .352 4800 Ea) 5T00 011
13 . 347 5000 a) 5900 011
Average .358 4900 5900 5800
Glass-fabrioc 1 616 3700 5300 T800 .010
laminate 2 580 3500 5200 T9c0 ~009
3 .598 3600 h8o0 8100 .009
L 578 3500 5300 7900 .008
5 616 3000 kgoo 7800 .009
Average .598 3500 5100 7900
agpecimen failed before 0.2-percent offset was reached. W

0%
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NACA TN No. 1560 41
TABLE V. — HARDNESS TESTS
Rockwell hsrdness, M scale
Material Perpeniicular to| Parallel to Parallel to
laminations laminations laminations
and parallel to |and perpendicular
Front Back direction of to ddrection of
face face |greatest tensile|greatest tensile
strength strength
Low-pressure— ok 89 81
molded canvas 96 89 80
laminate 95 89 85
Average| 95 89 82
Grade—C 107 11 102
canvas 109 110 102,
laminate 105 110 103
Average| 107 110 102
Rayon 98 96 92
laminate 9y 98 91
99 98 90
Average| 98 97 91
Paper 110 110 82
laminate 111 113 84
112 110 82
Average| 111 111 83
Glase-fabric 117 117 121 112
laminate 120 118 121 11k
119 119 120 116
Average| 119 118 121 11k

e e e e -



TABLE VI. — CREEP TRIT

20—gecond &Motal oreep Inorease in strain
Matorial Gtreass | - elagtic (percent) Rate of creep (percent)
°r (pei) | strain  [At 1000 | At 3000 | abt 1000 hours At 1000 | At 3000 | From 1000
(percent) | hours hours (in. /in.}r) hours hours %o 3000

houra
Low-pressure— | 00 0,065 | 0.095% | o.1070 | 8.6 x 1078 46.8 6h.6 12,16
molded canvas | 1200 42 . 2075 2273 1 k6.2 60,1 9.54
laminate 1800 .218 . 3281 .361k 27 50.% 65.6 10.15
2400 307 L4961 Sh62 | 46 61.6, T7.8 10.10
3000 394 . 6484 7096 | 53 64,6 80,0 9.4k
3600 481 .BOTY L9487 66 80.4 97.4 9.37
4200 .610 1.1178 | 1.2312 | 69 83.2 101.8 10.14
- Average| 61.9 78.2 10.13
Grade—C canvas 930 073 » 1440 .1604 11 97.2 120 11.39
laminate 1900 AT .3017 +3343 22 761 95.5 10.8
2850 40 L1606 .50k0 | 32 92 110 Q.42
3800 .369 L6704 7335 | b7 81.6 98.5 9.41
Y750 478 .9036 .9930 60 89.1 107.5 9.89
5700 .630 1.2260 | 1.3747 | 95 ok.7 18 12,13
6650 (I I Tl B L CE T I BT TN EEPEETIN S
- Average| 88.5 108.3 10.51
Reyon laminate| 1900 120 L1767 Aoh6 | 13.6 47.2 62 10.13
3900 .202 408l k353 33 8k.0 96 6.59
5800 .351 699k LTHRT | 43 99.L 11 6.19
7800 +520 1.0570 | 1.1072 | 46 103.2 13 b.75

8¥alues corrected for changs 1n length of speolmen carrying zero load, @

o
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TABLE VI. — CHREEP TEOT — Concluded

20—seoond 8Totel oreep Increase in strein
Strese | elastlo (percent) Rate of creep (percent)
Materlal | (pgi) | strain [ At 1000 [At 3000 | at 1000 hours At 1000 | At 3000 | From 1000
(percent) | hours hours (1n./in. /br) hours hours to 3000
hours
Reyon laminate| 9,700 0,720 1.4211 | 1.4850 58 x 100 97.5 106 4,50
11,600 965 1.827% | L.8957 T2 ok 96.5 3.7h
13,600 1.320 | -emeem | mmemee | mmmemeee- e e -
- Averege | 86.7 974 5.98
Paper laminatei 2,000 .082 .1033 b.1067 4.3 26.0 30, 3.29
4,000 .159 b, 2159 .2218 6.4 35.8 39.5 2.73
6,000 .2kg 3291 . 3505 12.9 36.2 ho.7 3.36
8,000 .326 L4667 4816 21 43.1 k7.5 3.19
10,000 JoT 6002 6222 19 47.5 48 3.67
R T I e B S T -
Average 37.7 ha,1 3.25
Glass—febric 4,020 125 .1550 L1574 2.9 oh.0 26 1.55
laminete 8,000 .291 .3359 .3k 3.1 15.4 7.7 1.94
12,000 S 5148 .5210 4,2 6.7 18, 1.20
16,0‘00 16% 06700 067)'"9 }+l3 l0o6 ll‘h- '73
20,000 . 763 .8680 .8712 4.2 13.8 4,2 .37
2k, 000 e I e R il IR PR ERETI B EE m———
Average 16.h 17.5 1.16
e —
A ol

PCorrected for shock. BSee figure 33.

094T "ON NI, VOVN

159



44

NACA TN No. 1560

TABLE VII. ~ FATIGUE TESTS

- Rotating—cantilever— Torsion fatigue
Machine beem fatigue machine machine
Specimens Unnotched Notched TUnnotched
Air t;hperature (°F) =75 7 160 7 7
Speed (xpm) 6500 | 6400 | 6500 6400
to to to to 1750
6700 | 6700 | 6700 | 6700
, Fatligue strengtha
Materlial

Tenslle stress Bhearing stress
Low-pressure— 4,000 | 2,700 | 2,100 | 23500 900
molded canvas

laminate
Grade—-C canvas 5,900 | 3,700 | 2,900 3,600 2300
laminate and

b3,200
Rayon laminate 8,900 | 5,800 | 4,400 6,000 1700
Paper laminate 12,700 | 7,900 | 6,300 5,400 2100
Glase—fabric 17,200 4,600 |13,600{12,200 3300

laminate .

8A11 fatlgue strength values are for 10,000,000 completely reversed
stress cycles, in psi.

PMachined and tested 1 year earlier than tests for which first value

is given.
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TABLE VIIT. - SUMMARY OF MECHANTCAL PROPERTIES DETERMTINED

Ttem Materlal i‘gl" dPIe desm cGanI avd:.;c Rayon | Paper |Glass—fabric
number(  Ttem laminate laminate laminate{laminate laminate
1 Molding pressure
(psi) 180 1800 1100 250 ko
by
2 | specific gravity 8,29 1.34 21,37 | 21.k2 81.87
3 Tension modulus ;
(psi) 0.81 x 106 1.1k 1.78 2.40 3.28
L Ultimate strength
in tension (psi) 8,300 11,100 | 25,600 | 31,200 39,900
5 Tenslion yield
gtrength at
0.05—percent
offeet (psi) 3,800 5,200 7,700 | 15,300 10,400
6 Tenslon yleld
strength at 0.2~
percent offset
(psil) 5,100 7,300 | 10,800 | 22,500 23,800
T Compression 6
modulus (psi) 0.9% x 10 1.16 1.68 2,44 3.23
8 Tltimate strength
In compression
(psi) 18,300 25,000 | 20,100 | 20,100 45,300
9 Compression yield
strength at 0.05-
percent offset
(pst) 3200 5700 | 7200 8700 (p)
10 Compression yield
strength at 0.2~
percent offset
(psi) 5,100 8,600 | 9,600 11,300 (b)
11 Torsion (shearing) 0.213 x
modulus (psi) 106 . 0.358 0.598
12 Modulus of rupture
(torsion) (pail) 1400 5800 7900

~L_-\,NACA;
8Data teken from tests made at the National Bureau of Stendards.

PFor the glass—febric laminate the stress—strain curve in compression was so
straight that an offset as small as 0.05 percent was not reached befare
Practure.
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TABLE VIIT. — SUMMARY OF MECHANTCAL PROPERTIES DETERMINED — Concluded

Ttem
number

Material
Item

Low-pressure— Gra.d.e—o
molded canvas

canvas
laminate leminate

Rayon
leminate

Paper
laminate

Glass—fabric
laminate

13

ghearing (torsion)

yield strength at

0.05-percent offset
(psi)

2700

k900"

3500

b

Shearing (torsion) 9

yield strength at
0.2-parcent offset

(psl)

5900

5100

15

Rockwell hardness
perpendicular to
laminate

Mot

Rockwell hardness
parallel to
laminations

Mi02

MB3

21

16

CTotel creep at
1000 hr for a
stress of 4000
psi (percent)

1.03 -0.72

0.22

0.15

17

Average for tests

at geveral stresses

of the percent

increase in strain

after 1000 hours of
ocreep

61.9

37-7

dRate of oreep at
1000 hr for stress
of 4000 psi

(1n. /in. /ir)

69 x 108 49

6.9

2.8

19

eFatigue strength at
~15° F (psi)

4,000 5,900

8,900

12,700

17,200

®Fati strength at
ngge(psi) :

2,700 .3,700

5,800

7,900

14,600

epati
byn e

strength at
F (pel)

2,100 2,900

4,400

6,300

13,600

fratigue strength
of notched speci—

mens at T7° F (pei)

2,500 3,600

6,000

5,400

12,200

23

EFatigue strength in
torsion at T° F
(ps1)

900 2300

1700

2100

3300

CValues interpolated from curves in figure 35.

%7alues interpolated from curves in figure 36.

<~

SFatigue strength at 10,000,000 cycles for unnotched specimens tested in a
rotating—cantilever—beam fatigue machins. ’

fFa.tigue strength at 10,000,000 cycles. Rotating—cantilever—bsam fatigue
machine

8ratigue strength at 10,000,000 cycles in terms of shearing stress for un—
notched specimens.
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— 21,%'

(b) Long compression (c) Short compression

specimen.

L‘__—ﬁ

BN

Specimen.

3

4

21—’1

8 2/_ u -
/II :
’-«——23-—/4»! _,_} ~<(). 411
e 1y
Sog b Mg
/E ' T /4 S
rad. ection A-A

(a) Tension specimen.

11

-/2— diam.

+ _.’ Wi

~—2
)

oy tu

'A

Cross section

+ Section A-A

(d) Torsion specimen.

/4"

1

'4—

N—

///I/

I‘e{(:

At

4

»( =<0/5"
<o

v\

(e) Creep specimen.

Section A-A

Figure 1.- Static and creep specimens. Cross-hatched lines indicate
plane of laminations. Scales differ in parts of figure.
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l—A A/I ..L”
_ - é 4
/Tn\ Y
2 rad. .
3 24” Section A-A
(a) Unnotched rotating beam.
\45}/
p"A
L P B
_ | _L” 74
2 3
,-f Y T
a0l “rad—A w .
< 3 é‘ 5 Section A-A
(b) Notched rotating beam.
[ —A |
T .t
__C;,X - i) — | 37 4 r_
J ! £ _*
TR { N
—A 2 ’I'ad. .1”>
3 2 2
- 2
- . / " Section A-A :
(¢) Torsion.
Figure 2.- Fatigue specimens. Cross-hatched lines indicate plane

of laminations.
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aratus used for static torsion testing.

Figure 5.- App

53
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5101,

ed for measuring the angle of twist

in tor

Figure 8.- Detrusion gage us
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o

Creep rack.

Figure 7.-
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Flgure .- Rotating-cantilever-beam fatigue testing machins,

NGRS
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Figure 10.- Rotating-cantilever-beam fatigue tesﬁ.ng\machine equipped
with apparatus for controlling temperature over a range from -75C F

to 400V F,

€9

@ '
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Figure 11.- Fatigue machine of constant amplitude of deflection arranged

for tests in torsion,

~ WA
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Figure 12.- Static tenslon test of low-pressure-molded canves laminate. Elastic modulus E, 820,000 psi;
yield strength at 0.05~percent offset, 3600 psi; yield strength at 0.2-~percent offset, 5000 psi; rate of
strain, 0.0016 inch per inch per minute; spacimen B4,
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Stress, psl

Stress-siraln

T——

4’ / : /// Time-strain
/ ) L_-C-—"‘:’" .
/ %wm Saas
2900 >

i
il

0 00z 004 006 008 0l0 0z 0l 06

. Strain, in. per in.

Figure 13.- Statlc tension test of grade-C canvas laminate, Elastic modulus E, 1,150,000 psi; yield
strengin at U.Uo-parcent offset, 5100 psi; yield strength at 0,2-percent offset, 7300 psi; rate of strain,
0.0018 inch per inch per mimite; specimen B-13,

v « N p———— ———

Tims, sec
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Flgure 14.- 3tatc tension test of rayon laminate. Elastic modulus E, 1,780,000 psi; yield strength at
0.06-paercent offset, 7800 psi; yield strength at 0,2-percent offsat, 10,700 psl; rate of strain, 0.0018 inch
per inch per minute; specimen B4,
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/
24000 T
20,0004 7
2 16000
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7 7
12000} P
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8000 800
/
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00— 00F w8 oz i

Strain, in. per in.

Figure 15.- Static tension test of paper laminate. Elastic modulus E,
2,340,000 psi; yield strength at 0.05-percent offset, 17,100 psi; yield
strength at 0.2-percent offset, 23,600 psi; rate of strain, 0.0017 inch

per inch per minute; specimen B-6.

Time, sec
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35,000 - — / /
30p00 N/
25000
. 20p00
"
: \
15000 / A 750
10,000 /) // /OA 500 .
£
9000 ki // 250
<G
[0} N
0 002 004 006 008 010 olz2 0l4

Strain, in. per in.

Figure 16,- Static tension test of glass-fabric laminate. Elastic modulus E,
3,130,000 psi; yield strength at 0.05-percent offset, 11,300 psi; yield strength
at 0.2-percent offset, 25,100 psi; rate of strain, 0.0018 inch per inch per

minute; specimen B-6,
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Figure 17.- Static compression test of low-pressure-molded canvas laminate. ElasHc modulus E,
930,000 ps!; yleld strength at 0.05-percent offset, 3200 psi; yield strength at 0.2-percent offset,

Strain, in. per in.

5100 psi; rate of strain, 0,0016 inch per inch per mj_nute specimen A-b.
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Figure 18,~ Stadc compression test of grade-C canvas laminate, Elastic modulus E, 1,160,000 psi;
yield strength at 0.06-percent otfset, 6700 psi; yisld strength at 0.2-psrcent offset, 8500 psi rate of
strain, 0,0016 inch per inch per minute speclmen A-11.
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Figure 19.- Static compression test of rayon laminate, Elastic modulus E, 1,880,000 psi; vield strength
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Figure 23.- Static torsion fest of paper laminate. Elastic modulus G, 376,000 psi;
yield strength at 0.05~percent offset, 4800 psi; yield strength at 0.2-percent
offset, 8100 psi; rate of strain, 0.011 inch per inch per minute; specimen T-9.
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Figure 45.- S-N diagrams for rotating -cantilever-beam fatigue tests of paper laminate
at three different temperatures.
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Figure 46.~ 5-N diagrams for rotating-cantilever-beam Yatigue tests of glass-fabric
laminate at three different temperetures,
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Figure 47.- Effect of temperature on fatigue strength at 10,000,000 cycles
for all five laminates.
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Figure 48.- Effect of temperature on fatigue strength at 10,000,000 cycles for
all five laminates,
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Figure 49.- Fractured tension specimens. a, low-pressure-molded canvas
laminate; b, grade-C canvas laminate; c, rayon laminate; d, paper
laminate; e, glass-fabric laminate.
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Figure 50.- Fractured compression and torsion specimens. a, low-pressure-

molded canvas laminate; b, grade~-C canvag laminate; ¢, rayon laminate;
d, paper laminate; e, glass-fabric laminate,
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Figure 51.- Fractured creep specimens. a, low-pressure-molded
canvas laminate; b, grade-C canvas laminate; ¢, rayon laminate;
d, paper laminate; e, glass-fabric laminate.
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Figure 52.- Fractured and failed fatigue specimens. a, low-
pressure-molded canvas laminate; b, grade-C canvas laminate;
¢, rayon laminate; d, paper laminate; e, glass-fabric laminate.




